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INTRODUCTION 

Work on this subject "Non-Waveguide "Methods of Millimeter 

Wave Transmission"has been in progress since April  1,  1056 under 

contract AF-lR(603)-43 and under subsequent qrants AF-AFOSR-61-53, 

AF-AFOSR-62-315, AF-AFOSR-3-63, and the just comoleted «rant 

AF-AFOSR-3-65.    The list of reports, paners, and publications 

occurinp in this report includes those relevant to all of this 

work 



B \nKfiR(llMn INFORMATION 

The use of millimeter waves at  frequencies from 30 gigahertz 

to 150 gigahertz, ant* even higher, has hecome feasible with the 

development of sonrces of power in these regions.    These frequencies 

serve as valuable research tools and expand the usefulness of radio 

applications in the consumer, military,  and space endeavors.    At 

these frequencies it becomes practicable to build physically small 

hiph-pain antennas.    Relatively small antennas may give the directivity 

needed for high-resolution radar systems, and security in communications 

and telemetry. 

Wüle these higher frequencies offer many advantages in addition 

to the compactness of systems,  the problems of energy losses in wave- 

guides and other cormonents become a serious deterrent when the con- 

ventional   type components are used.     R>r cxamnle, at  35 to 40 gigahertz 

the loss in a rectangular waveguide operating in the TE-.  mode may 

run nearly three db per meter.    Circular cylindrical wave guide operated 

in a TF.      mode reduces the  losses very significantly but at the higher 

frequencies in this range free space propagation techniques appear to 

offer some distinct advantages over even the most efficient waveguide 

techniques. 

RESULTS OBTAINED 

Experimental  results have indicated that  transmission  loss 

below that of rectangular dominant mode waveguide can be obtained 

between horns or parabolic antennas  located relatively close together. 

This work ha? ueen carried out  at a wavelength of S.6 millimeters 



for three different antenna sizes and preliminary work at 4.3 

millimeters has been accomplished for two antenna sizes.    These 

results are described in the report AFOSR TN-57-188, April  1957 

and in AFOSR 11-72. 

Fvaluation of transmission loss around corners using shaped 

reflectors with single curvature has been undertaken and lower 

loss than that of straight  line transmission has been observed. 

This is described in the report AFOSR TN-60-427, April  1060. 

Further investigation utilizing reflectors with double curvature 

has resulted in gains up to 6.90 dbs over straight line trans- 

mission for distances of about 25 meters.    This has been reported 

in a master's thesis entitled "Reflector for Right Angle Trans- 

mission of Microw?ve Beams" by C.E.  Bowen flQ63)  and in the 

final renort on grant AF-AFOSR-62-315. 

The dielectric sheet duplexer has been constructed and 

evaluated at 8.6 millimeters.    This is described in the report 

AFOSR TN-60-14, January,  I960.    The application of this sheet to 

an interferometer is also described.    F.xtension of the use of 

this device to 4.3 millimeters has also been undertaken.     Results 

are described in the report on grant AF-AFOSR-61-53. 

The circular polarization d-tplexer has been successfully 

operated at 8.6 millimeters and is described in a naper "A Circular 

Polarization Duplexer for Millimeter Waves"    published in the A1EE 

proceedings "Communications and Electronics," January,  I960. 

A pair of close y spaced dielectric nrisms has been successfully 

used in a duplexer,  a directional cottier,  and in an adjustable 



attenuator.    This work is described in the report AF0SR-TN-59-6P7, 

July 1959,  for prisms with matching plates to eliminate reflections 

at the external surfaces.    At shorter wavelengths the construction 

of such matching Dlatcs becomes difficult,  and an analysis was under- 

taken to analyze theoretically the effect of internal reflections on 

performance.    This work considering only first order reflections 

was described in a Master's thesis "An Evaluation of the Internal 

Reflections Tnside Dielectric Prisms at Millimeter Wavelengths" by 

A. Chauvallon  (1962).    An extension of this analysis to include 

multiple reflections has been completed and published under the 

title "Internal Reflections in Dielectric Prisms" IEF.F Trans.  MTT- 

12, November,  ln64, by R.H.  Fellers and John Taylor. 

By making use of prisms shaned so that the angle of incidence 

of the electromagnetic wave on the prism is Brewster's angle  (the 

angle of zero reflection),  it is possible to eliminate the reflections 

at the external air-dielectric interfaces of the prism and at.  least 

in principle to eliminate the multiple reflections which result  in 

degraded performance and lowered directivity.    Preliminary results 

were retorted in a ^'aster's thesis dated June,   1965, entitled "The 

Design of Dielectric Prisms with Minimum Internal  Reflections at 

Millimeter Wavelengths" by Huang Kwane Ta. 

Considerable work has been done on the computation of near 

2 
zone  (as  close as D /4X)  antenna fields.    An analysis has been carried 

out  on the effect of shifting the  feed of the antenna from the nominal 

focus oosition.     It is possihle to realize almost  infinity ga'n at 

short distances by appropriate shift of the feed point.    Tlr'.s work 
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is described in a "aster's thesis "An Investigation of Pefocus Phase 

Frrors in Paraboloidai Reflectors" by 'Ülliam Marshal! Leach  fl0M"). 

The theoretical analysis of the prism bi-directional couoleT 

using Brewster's angle to eliminate reflections at exterior airdielec- 

tric interfaces has been extended and refined.    New prisms have ^een 

constructed and more accurate experimental work has been carried out. 

The operation of this device is reviewed making use of figure 1.    The 

incident wave strikes the exterior air-dielectric interface at Rrewster's 

angle and all of the energy is transmitted ii.to the dielectric.    This 

same condition occurs at all exterior air-dielectric interfaces.    The 

angle of incidence on the dielectric air interface at the gap is grenteT 

than the critical ancle.    In the absence of prism 2 all of the energy 

in this wave is  reflected.    If prism 2 is in contact with nrism 1,  the 

air t?ap is eliminated and all energy is transmitted through both nrisms. 

Ry adjusting the gap width any desired division of energy between trans- 

metted and reflected waves can be effected.    Thus the device functions 

as an adjustable bi-directional coupler. 

The energy transmitted and reflected can be computed theoretically 

as was described in the report AF0SR*-TN-57-6.<?7.    Expressions for tr.o 

ratios of transmitted power and reflected nower to incident power are 

reproduced below in convenient form making use o* figure 2. 

tn 
S 2      ? 

Transmitted Power _ _* „ 4r> cos g 
Incident Power        '" 5,  ~        D 

,,,    Reflected Power      "r 
Incident Power        s 

2        ~>      2 
where M   = n sin"0-ll 

2        "> 
(Mn)   +cos"Q 

M 
sinV TB Mrll o 

D = 
r*fc)2-cos2e 

n 
2 7 t 7 

sinh  (8 Md)*4n"cos"0cosh" (6 Md) 
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LIST OF SYMBOLS 

e , = dielectric permittivity 
o 

E = permittivity of free space 
o 

d = air gap 

S    = transmitted poyntine, Vector across air gap 

S.  = incident    poyntinp vector 

0   = angle of incidence 

u   = permeability of free space 

n    =/ d/u   * index of refract 

M2 = n2sin'9-l 

ion 

6os »/Vo 

S    = reflected poyntinp, vector 
r    r       2        2   i2 

p. ItMn^-cos 9       sinh2fßoMd)*4n2cos26cosh2(ßoMd) 

üj   = frequency in radians per second 

Tn the analysis of the bi-directional coupler, the microwave beam 

is assumed to be a plane wave of finite cross-section and equations   (1) 

and  (2)  arc assumed to hold.    Obviously,  this is a simplification of a 

complex problem.    As a result of the assumptions, power is not conserved. 
S,+S 

3    r That is, -^    i  1.    However, the theorectical curves exhibit the S 
1 

experimental behavior of the device. 

Fxperimental measurements were carried out a frequency of 33. R2 

jneahertz usint? prisms with relative dielectric constant equal to 2.34 

Results are plotted in  figures 3 and 4.    The most recent phase of this 

work undertaken has been a preliminary study to evaluate reflections in 

terms of surface defects and structural deformations. 

A detailed knowledge of the effects of surface errors unon the p;ainr 

and nattems of paraboloidal  antennae is extremely important in the 

desijjn and the manufacture of antennae having very hiqh  pains 
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and narrow beams.    In general, when the diameter of a reflector 

is made quite large relative to the operating wavelength random 

and systematic surface deviations occur which cause significant 

deteriorations in gains and radiation patterns.    These surface 

errors normally arise from several interrelated causes, and 

frequently it is neither mechanically nor economically feasible 

to reduce all of them to negligible magnitudes.    Herein lies a 

real need for more meaningful criteria than are presently avail- 

able for effectively evaluating the relative importance of various 

kinds of surface errors in predicting antenna performance and for 

specifying designs. 

Systematic surface deviations may occur from environmental 

conditions.    Deflections result from accelerations or gravitational 

forces, from wind Dressures or viscous drags,  from thermal gradients 

and differential expansion, and from metal fatigue or relaxation 

processes.    Other systematic errors are often unintentionally built 

into a structure and result from design features and manufacturing 

techniques.    Sometimes, for example, it may be necessary after 

fabricating and machining have been completed to disassemble a 

reflector and transport it to another geographical or space site 

where it must be reassembled for use. 

A better knowledge of the  relative importance of specific 

types of surface errors and of their distributions or locations 

on the reflector surfaces is needed for establishing more realistic 

design and construction specifications than are possible at the 

present time.    Conceivably this knowledge could open up additional 



possibilities of deliberately controlling spoilage of selected 

surface regions to achieve special  antenna characteristics.    To 

cite a specific exanple,  one might  reduce the spill-over and the 

consequent back nick-up by bringing the higher-order side lobes 

of the antenna feed into the parabololdal  reflector and then 

deliberate1/ spoiling the surface regions which reflect the 

destructively interfering side lobes.    Another example would be 

the use o* controlled spoilage to permit using a single reflector 

simultaneously or alternately at two different frequencies. 

ANALYSES 

For a beginning phase of the current investigation a two zone 

paraboloidal  antenna has been chosen in which the deviation from 

a true paraboloid is a sirnnle step in the surface.    The main  lobe 

and first side  lobe of the antenna feed are included within the 

reflector with the step in the surface  located approximately at 

the null in the feed pattern between the main  lobe and the first 

side  lobe.     In these preliminary analyses it has been assumed also 

that the second null in the feed nattern  falls at the outer edge 

of the narabola.    This model  avoids compounding the complexities 

of analysis with too many tynes of surface deviations and yet 

represents a useful application.     If the step in the surface is 

made one-quarter wavelength in magnitude the first side  lobe  from 

the feed is reflected in nhase with the principal  lone and augments 

the signal  in the main  lobe of the reflected pattern. 

A solution of this tyre analysis has been programmed  for the 



IBM 7040 computer.    The program is sufficiently flexible to 

permit using analytical functions to represent the feed pattern 

and to describe the reflector surface.    To date no nrovision is 

made to account for law of reflection at the reflector surface. 

For example, the coefficient of reflection at an element of 

area of surface denends upon the angle of polarization and unon 

the angles of incidence and scatter and these factors are not 

included. 

A second program has been written to read in the surface from 

a matrix in which the position of each element of the surface is 

represented by an element of the matrix.    This program permits 

entering noint-by-point measurements of a surface without considering 

a parabola or any specified reference surface.     In the present state 

of the oropram it does not include the effects of nolarization or 

anele of incidence at the individual elements.    These factors may 

be included in the above programs after the programs have been more 

thoroughly tested and debugged. 

PATTERN RAN'OE 

A pattern range and other instrumentation have been further 

developed to perform the experimental work  related to this oroiect. 

An antenna pedestal has been moved from the roof of the three-story 

Engineering Building to the roof of the nine-story Physical Scienco 

Building.    The control  and recording equipment are housed in a room 

immediately below the antenna pedestal.    Mo means has been incorpor- 

ated for operating the system from the roof level near the base of 

the nedestal but this may be done if it annears necessary. 

At present the instrumentation at the other end of the ranee is 



housed in the corner of a room which was once the press  gallery 

and is  the highest  location  at  th«;  University Stadium.     The 

range distance between the Physical Science Building and tnc Itaiver- 

sity Stadium is approximately 1.72 miles.    Along the  line of sight 

are commercial buildings but these  lie several degrees helow the 

path of propagation and it  is not anticipated these will  appreciably 

affect the measurements.    Other locations are available for the 

transmitter end of the range when needed.    These will afford ranges 

from a few thousand feet UP to possibly teti miles. 

The pedestal  is a Scientific Atlanta Model   542°-7 aximuth 

nositioner with  a model  5230-7 elevation positioner and it has  a 

train  accuracy of ♦ 6 seconds o^ arc within a sector of about  ln 

degrees of the pronagation path.     The recording equipment  consists 

of Scientific Atlanta Series   1520 rectangular recorder for making 

x-y plots o^ antenna  gain  against pointing angle measured  in  the 

train  nlane. 

TRANSMITTER 

An  R-mi!limeter source  is used at the Stadium end of the  range. 

A single unit  including an  R millimeter oscillator with  calibrated 

attenuator,  a wavemetcr,  and a horn  are mounted outside the window 

of the nress box when the range  is to he operated.     At  other times 

this eauinment   is  stowed inside the power supply and auxiliary 

cocnonents.     Vernier adjustments provide means  of accurately aiming 

the transmitted signal  at the receiving antenna. 
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TFST ANTENNA 

The antenna pedestal will readily accommodate ph.aboloidal 

reflectors up to twenty feet in diameter and will handle vertical 

loads of approximately 30,000 pounds.    With some divising, obstruc- 

tions could be removed and larger diameter antennae could be used 

if this were necessary. 

Taking advantage of scaling our antenna size and frequency 

we have started with a main paraboloidal reflector five feet in 

diameter and have a three-foot diameter paraboloid which will be 

cut  for use as a center nortion and to be off set from the main 

surface as described earlier.    A frequency o* approximately 35 

gigacycles is being used.    The center portion of this antenna will 

reflect the uiin  lobe from the feed pattern and the exposed portion 

of the five-foot paraboloid one-quarter wave behind the center sec- 

tion will reflect the first side lobe of the feed pattern. 

Although the shapes of the test reflectors deviate from true 

paraboloids these have been selected for close tolerances to simplify 

the analysis, the intentions being to retain a high degree of axial 

symmetry,  and to concentrate more on the :inal stud)   first. 



SUMMARY 

The feasibility of transmission between two closely spaced 

antennae has been established with transmission  loss  lower than 

that of rectangular waveguide.    Defocus of antenna feeds has 

improved performance.    Transmission around corners at no  loss 

has been demonstrated.    The use of a dielectric sheet as a power 

divider has been proved effective.    A circular polarization dunlexer 

has been developed.    A paiT of dielectric prisms has been used 

very effectively as an adjustable bi-directional  coupler,  as 

an attenuator and as a dunlexer.    The effect of reflections at 

prism surfaces has been analyzed and an effective means of control- 

line then has been devised. 

The effect of surface distortions on antenna Performance 

has been analyzed and a computer nroeram has been written to compute 

for zone field under these conditions.    Application has only been 

made to an idealized symmetrical  case.     A hi*h precision antenna 

pattern range has heen set UP to evaluate e:<perimentally the patterns 

fron distorted antennae.    Only preliminary measurements have been 

made. 
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